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ABSTRACT

Psychiatric disorders affect over 970 million people globally, with substantial personal, social, and economic costs that
continue to rise despite advances in treatment. Current pharmacological approaches show limited efficacy for many patients,
with significant side effects and high discontinuation rates. The integration of microbiome science with psychiatric research
may offer new perspectives on disease etiology, biomarker development, and therapeutic intervention. Recent advances
in microbiome research reveal that the gut microbiome directly synthesizes neurotransmitters and their precursors, while
microbial metabolites produced by the microorganisms through their metabolic activities, cross the blood-brain barrier (BBB)
to influence regulate microglial activation, synaptic plasticity, neurogenesis, and neural circuit development associated with
our brain’s function. Specific gut bacterial taxa may demonstrate causal relationships with psychiatric symptoms through
vagal, immune, and metabolic pathways. Gut dysbiosis patterns consistently emerge across major psychiatric conditions
associated with distinct microbial signatures. Scientific research has discovered that disrupted circadian rhythm and
dysregulated stress response system especially the hypothalamic pituitary adrenal (HPA) axis both disrupt gut microbiota
composition and function, leading to health issues like metabolic syndrome, gastrointestinal disorders, and mental wellness
issues. Understanding these mechanisms may open unprecedented opportunities for non-pharmacological approaches that
integrate microbiome analysis and targeted interventions. The authors of this article aim to explore how non-pharmacological
intervention methods such as mental wellness behavioral therapy and educational therapy can be integrated with gut
microbiome knowledge to enhance patient outcomes, focusing on mental health, gastrointestinal, and metabolic disorders.

Keywords: Educational therapy, mental wellness behavioral therapy, gut-brain axis, microbial metabolites, neurotransmitter
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INTRODUCTION

The human gut refers to the gastrointestinal tract, which
runs from our mouth through the esophagus, stomach, small
intestine, large intestine (colon), rectum and anus. This gut
which contains over 100 trillion of microorganisms (or gut
microbiota) made up of over 1,000 bacterial species (bacteria,
archaea, fungi, viruses, protozoa and helminths) is referred
to as gut microbiome. The gut microbiome is responsible for
many different bodily functions such as breaking down food
to ensure that its nutrients are absorbed and waste materials
taken out of the body. It is also responsible for immunity and
general well-being of the individual.' The gut microbiome has
emerged as a critical modulator of brain function and mental
health.” This intricate ecosystem influences psychiatric
disorders through direct effects on neurotransmitter
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synthesis, neuroplasticity mechanisms, and interactions with
host genetic factors that determine individual vulnerability to
mental illness.’

The gut microbiome represents a dynamic environmental
factor that influence neurodevelopment, stress response
systems, and neurotransmitter pathways critical for mental
health.” The neurobiological mechanisms underlying gut-brain
communication involve multiple interconnected pathways
that directly impact neurotransmitter synthesis and neural
plasticity. Gut bacteria produce gamma-aminobutyric
acid (GABA), serotonin, dopamine, and other neuroactive
compounds, while microbial metabolites including short-chain
fatty acids (SCFAs) cross the blood-brain barrier (BBB) to
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influence synaptic function, neurogenesis, and neural circuit
development.

The gut microbiome communicates bidirectional with the
central nervous system (CNS) through multiple mechanisms
including the vagus nerve, immune system modulation,
neurotransmitter production, metabolite synthesis, and
epigenetic regulation.” This bidirectional communication
known as gut-brain axis is not restricted only to vagus
nerve, albeit the vagus nerve serves as the primary channel
connecting the gut and brain (see ), transmitting
bidirectional signals that influence both the peripheral
nervous system (PNS) and CNS functions.” Bacterial
metabolites and neurotransmitters activate vagal afferent
neurons in the enteric nervous system, which transmit
signals to the brainstem and subsequently modulate central
neurotransmitter synthesis and release. Vagotomy studies
have demonstrated that severing this nerve abolishes
many microbiome-induced behavioral and neurochemical
changes.
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Figure 1. Bidirectional communication of the gut-brain axis

Mechanism Description

Direct neurotransmitter production

Production of neurotransmitter

Tecursors i
p neurotransmitters.

Modulation of host

neurotransmitter synthesis neurotransmitters.

Gut bacteria interact with the immune system,
indirectly affecting brain neurotransmitter levels and

Immune system modulation
function.

Blood-brain barrier (BBB) integrity enters the brain

Gut bacteria influence hormone production, which
can affect brain signaling and neurotransmitter

Hormonal regulation
activity.

Metabolic by-products function.

Gut bacteria synthesize neurotransmitters like
serotonin, GABA, dopamine, and norepinephrine.

Gut bacteria generate precursors (e.g., tryptophan,
glutamate) used by the host to synthesize

Bacterial metabolites influence host cells to produce

Gut bacteria maintain BBB integrity, regulating what

Bacterial metabolites, beyond SCFAs, influence brain

Interestingly, as estimated in the studies by Magalhdes and
Castelucci,” there are some 500 million enteric neurons
embedded on the walls of the gut. These enteric neurons
range from motor neurons, sensory neurons, interneurons,
vasodilator neurons to secretomotor neurons. The vast
network of these neurons covering from the esophagus to
anus is known as the enteric nervous system (ENS). The ENS
functions autonomously like another “brain” in regulating
our digestive processes (which include motility). However,
this “second brain” also maintains extensive bidirectional
communication with our CNS.

Gut bacteria produce a variety of compounds, including
microbial  metabolites, neurotransmitter  precursors,
neurotransmitters (serotonin, GABA and dopamine) and
engage in other processes that signal the brain through
neural, hormonal, and immune pathways. The enteric
neurons in the gut respond directly to bacterial metabolites
and neurotransmitters, with specific bacterial strains
capable of activating or inhibiting enteric neural circuits
(see ). This local neural processing significantly
influences gut-brain axis’” ascending signals to the brain and
descending autonomic control of gut function."” The vagus
nerve transmits bacterial signals to the brain, influencing
neurotransmitter release and mood (a direct communication
line). Vagal afferent neurons also express receptors for
microbial metabolites, bacterial lipopolysaccharides, and
gut hormones, allowing direct sensing of microbiome
composition and activity.

Gut dysbiosis (alteration to the microbiome resulting in
an imbalance in the microbiota) leading to the production
of inflammatory molecules and increased permeability
of the intestinal barrier, disrupts enteric neural function,
affecting gastrointestinal motility, barrier function, and
neurotransmitter production in ways that reverberate
throughout the nervous system to influence psychiatric
symptoms'* (see )."” Gut dysbiosis may leads to

Key processes

Gut bacteria produce neurotransmitters that signal the brain
indirectly through blood circulation or the vagus nerve (a
direct gut-brain connection).

Gut bacteria supply precursors that the host uses to
synthesize neurotransmitters, modulating brain chemistry
(like providing ingredients for the brain's 'recipes’).

Bacterial metabolites, especially SCFAs, stimulate host
neurotransmitter production and can directly affect the brain
(SCFAs as messengers boosting brain chemicals).

Gut bacteria interact with the immune system; dysbiosis
can trigger inflammation that affects brain function
(inflammation as a false alarm).

Gut bacteria produce SCFAs that maintain the BBB,
protecting the brain from harmful substances (reinforcing
the brain's security wall).

Gut bacteria modulate hormones like cortisol and oxytocin,
which influence brain signaling (adjusting the body's 'mood
playlist").

Bacterial metabolites modulate neurotransmitter pathways in
the brain (fine-tuning brain chemistry).
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serotonin deficits and reduced levels of GABA, disrupting
brain connectivity and functionality, affecting mood and
behavior.'>'
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Figure 2. Gut bacteria in association with our brain & neuroplasticity functions

Table 2151751 shows a comprehensive list of known
contributions of gut bacteria to gut-brain axis communication
associated with the brain neuroplasticity and different
psychiatric disorders such autism spectrum disorder (ASD),
major depressive disorder (MDD), bipolar disorder (BD),
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attention deficit-hyperactive disorder (ADHD), anxiety
disorder, post-acute COVID symptoms (PACS), Alzheimer’s
disease (AD), Parkinson disease (PD) and schizophrenia
spectrum disorder (SSD).

MICROBIAL METABOLITES AND
SIGNALING

According to Zuffa et al.,”” when food is processed by our digestive
enzymes, the gut bacteria transform this food into hundreds
of different microbial metabolites through fermentation and
other metabolic processes (see Table 3).”*°" These microbial
metabolites enter the bloodstream and travel throughout the
body, acting as molecular messengers that influence virtually
every organ system such as immune function, metabolism,
cardiovascular health, brain function and mood. The gut
microbiome is increasingly recognized not just as a digestive
aid, but as a crucial “organ” that produces hundreds of
bioactive compounds essential for optimal health. The
specific mix of metabolites the microbiome produces depends
on factors like diet, lifestyle, genetics, medications, and the
particular species of microbes the gut is harboring, making
every metabolite profile uniquely related to every identity.

Short-Chain Fatty Acids (SCFAs)

In the studies conducted by Yassin and his colleagues,' the
SCFAs are the most abundant and well-studied metabolites
that promote BBB integrity. Particularly the acetate,
propionate and butyrate, they represent critical signalling

Table 2. Roles of gut bacteria in neuroplasticity associated with psychiatric disorders

Microorganism/process

Acinetobacter calcoaceticus

Actinobacteria
Actinomyces naeslundii
Akkermansia muciniphila

Alistipes

Anaerobutyricum hallii

Bacillus spp.

Bacillus subtilis

Bacillus mycoides

Bacteroides

Bacteroides fragilis

Bacteriophages

Bifidobacterium

The table continues

Associated psychiatric
disorders

No direct association

ASD, potentially MDD,
BD, SSD
PACS (anxiety,
depression)

ASD, MDD

MDD

Anxiety, PTSD

MDD, anxiety,
Parkinson’s disease

Aggression, MDD,
anxiety, Parkinson’s
disease

Potentially SSD, MDD,
addiction

ASD, ADHD, MDD,
addiction (CNS
stimulants)

Depression, ASD,
Alzheimer’s, multiple
sclerosis

ASD

ASD, ADHD, MDD, BD,
SSD, addiction (alcohol)

Role in brain neuroplasticity

May contribute to inflammation,
potentially affecting neuronal health

May support gut barrier function,
reducing inflammation

Not directly studied

Supports gut barrier integrity, aiding
neuronal health

May influence inflammation and
neurotransmitter signaling

Produces butyrate, supports
synaptic plasticity and reduces
neuroinflammation

Supports synaptic plasticity through
neurotransmitter production
(dopamine, serotonin)

Supports synaptic plasticity through
serotonin and tryptophan production

Supports synaptic plasticity through
dopamine production

Produces neurotransmitters and
SCFAs, supports synaptic plasticity

May support or disrupt synaptic
plasticity via immunomodulation and
metabolic signaling

May modulate bacterial populations
affecting brain function

Produces GABA, supports synaptic
plasticity

Key findings

Part of gut microbiota, lower virulence, potential
pro-inflammatory effects

Higher in ASD, linked to GI symptoms and behavior

Higher in PACS, linked to psychological issues

Lower in ASD and MDD, associated with metabolic
health

Increased in MDD, linked to systemic inflammation

Butyrate producer, linked to reduced inflammation
in PTSD, potential biotherapeutic

Synthesizes dopamine and other neurotransmitters,
acts as probiotics to improve mood, influences gut-
brain axis through secretome

Probiotic that prevents aggression, supports
serotonin synthesis, reduces neuroinflammation,
potential benefits in Parkinson’s disease

Synthesizes dopamine, a neurotransmitter critical for
brain function and behavior

Mixed results in ASD, increased in ADHD and PACS

Produces polysaccharide A (PSA) with
immunomodulatory effects, modulates depression-
like behavior, linked to Alzheimer’s and ASD

Altered in ASD, influencing microbial dynamics

Lower in ASD, higher in ADHD, supports neural
signaling

S



Bifidobacterium spp.

Bifidobacterium longum
Blautia

Butyricicoccus pullicaecorum

Campylobacter jejuni
Candida

Clostridium

Clostridium spp.

Clostridium butyricum

Clostridioides difficile

Collinsella

Collinsella aerofaciens
Coprococcus
Coprococcus comes
Coprococcus eutactus

Coriobacteriaceae

Corynebacterium glutamicum

Desulfovibrio
Desulfovibrio desulfuricans
Dialister

Eggerthella
Enterobacteriaceae
Enterobacter spp.

Enterococcus

Escherichia coli

Escherichia coli K-12

Eubacterium rectale

Faecalibacterium

Faecalibacterium prausnitzii

Firmicutes

Depression, anxiety,
ASD, stress-related
disorders

MDD, anxiety, PACS
ASD, ADHD

Anxiety

Anxiety
ASD, ADHD

ASD, MDD, BD, PASC

Depression, anxiety,
Parkinson’s, multiple
sclerosis

MDD, anxiety

ASD, Alzheimers,
Parkinson’s, multiple
sclerosis

ASD
ASD
ASD, MDD
ASD, MDD
ASD, MDD
BD

Potentially SSD, MDD,
anxiety

ASD
ASD
ASD, ADHD
MDD, BD, SSD

ASD

ASD, potentially MDD,
BD, SSD

Addiction (alcohol),
potentially MDD

ASD, MDD, potentially
anxiety

Potentially Parkinsons,
neuroinflammation-
related disorders

PTSD

ASD, MDD, BD, SSD,
ADHD, PACS

ASD, MDD, BD, SSD,
ADHD, PACS

ASD, ADHD, MDD, BD,
addiction

Supports synaptic plasticity through
neurotransmitter production and
anti-inflammatory effects

Produces GABA and SCFAs, enhances
synaptic plasticity and reduces stress

Produces SCFAs, supports anti-
inflammatory pathways

Produces butyrate, potentially
supports synaptic plasticity

May disrupt neural signaling
May contribute to inflammation

Produces neurotransmitter precursors
(tryptophan), SCFAs, and secondary
bile acids via 7a-dehydroxylation;
some species produce neurotoxins

Can support or disrupt synaptic
plasticity through neurotransmitter
modulation and immune signaling

Produces butyrate, supports synaptic
plasticity and reduces stress

May disrupt gut-brain axis, negatively
affecting neuroplasticity

Associated with pro-inflammatory
states

May contribute to inflammation,
potentially affecting neuroplasticity

Produces butyrate, supports neuronal
health

Produces butyrate, supports neuronal
health

Produces butyrate, supports neuronal
health

Linked to metabolic and
inflammatory pathways

Produces glutamate, supporting
GABA synthesis and synaptic
plasticity

Produces hydrogen sulfide, linked to
Gl issues

Produces hydrogen sulfide, potentially
disrupting neural signaling

Supports gut health, may influence
neural signaling

Linked to symptom severity via
inflammation

Includes pathogens, may increase
inflammation

May influence neurotransmitter
production and inflammation

Produces neurotransmitters like
dopamine, influences inflammation

Produces dopamine, serotonin
precursors (tryptophan), and indoles,
modulating mood and cognition

May disrupt synaptic plasticity
through neuroinflammation and
barrier disruption

Produces butyrate, potentially
supports synaptic plasticity

Produces butyrate, supports
anti-inflammatory pathways and
neuroplasticity

Produces butyrate, enhances
synaptic plasticity and reduces
neuroinflammation

Imbalance affects gut barrier and
neurotransmitter production

Key players in gut-brain axis, influence mental
health via neurotransmitter production, immune
modulation, stress response regulation

Supplementation reduces depressive symptoms;
lower in PACS

Lower in ASD, increased in ADHD

Decreased in anxiety, linked to reduced anti-
inflammatory effects

Induces anxiety-like behavior in rodents

Higher in ASD, linked to GI symptoms

Higher in ASD, linked to GI and behavioral
symptoms; contributes to mood regulation via
tryptophan metabolism

Influences gut-brain axis, some species linked
to neurological disorders, others maintain gut
homeostasis

Supplementation reduces depressive symptoms;
enhances gut-brain signaling

Linked to neurological disorders via toxins and
inflammation

Higher in ASD, linked to inflammation

Higher in ASD, associated with pro-inflammatory
states

Lower in ASD and depression, anti-inflammatory

Lower in ASD and depression, linked to anti-
inflammatory effects

Lower in ASD and depression, linked to anti-
inflammatory effects

Increased in BD, associated with cholesterol
metabolism

Produces L-glutamate via mechanosensitive
channels, influences gut-brain axis

Mixed results in ASD, associated with gut symptoms
Mixed results in ASD, linked to gut dysbiosis
Lower in ASD and unmedicated ADHD
Higher in MDD, BD, SSD

Mixed results in ASD, linked to gut dysbiosis

Altered in psychiatric disorders, linked to gut-brain
axis

Increased in alcoholics, may exacerbate
inflammation and mood dysregulation

Supplies tryptophan for serotonin synthesis;
dopamine production affects reward systems

Model organism, influences gut-brain axis
via intestinal barrier effects and potential
neuroinflammation

Part of Lachnospiraceae, associated with reduced
inflammation in PTSD

Lower in multiple disorders, protective against
inflammation

Lower in multiple disorders, key anti-inflammatory
bacterium

Mixed results, linked to gut-brain axis



Fusobacteria

Hafnia alvei

Klebsiella

Klebsiella pneumoniae

Lactobacillus

Lactobacillus spp.

Lactobacillus casei

Lactobacillus helveticus

Lactobacillus rhamnosus

Lactiplantibacillus plantarum
Lactococcus lactis

Methanobrevibacter

Oscillibacter

Parabacteroides

Parabacteroides distasonis

Peptostreptococcaceae

Phascolarctobacterium

Porphyromonas gingivalis

Prevotella
Proteobacteria

Proteus vulgaris

Pseudomonas aeruginosa

Roseburia

Ruminococcus

Ruminococcaceae_UCG_004

Serratia spp.

Streptococcus
Sutterella
Tannerella spp.
Veillonella

Verrucomicrobia

7a-dehydroxylation

ASD

Potentially binge eating
disorder, obesity-related
depression

ASD

Depression, anxiety,
Alzheimerss, epilepsy

ASD, MDD, BD, SSD,
anxiety

MDD, anxiety, ASD,
SSD, Alzheimer’s

MDD, anxiety

MDD, anxiety

MDD, anxiety, ASD

ASD, MDD, anxiety
Anxiety, depression

ASD

MDD
ASD

ASD, MDD

ADHD

ASD

Alzheimer’s disease
(with psychiatric
symptoms)

ASD

ASD, MDD

Potentially Parkinsons,
SSD, MDD, addiction

Meningitis

ASD

ASD, PACS
ADHD

Potentially SSD, MDD,
addiction

MDD, BD, SSD
ASD
No direct association

ASD

ASD, addiction (CNS
stimulants)

Potentially MDD, BD,
PACS

Linked to gut dysbiosis

May influence synaptic plasticity
through appetite regulation

Potential pathogen, may increase
inflammation

May disrupt synaptic plasticity
through neuroinflammation and
infection

Produces GABA and serotonin,
supports synaptic plasticity
Supports synaptic plasticity through
neurotransmitter production and
anti-inflammatory effects

Produces GABA, reduces stress and
enhances neuroplasticity

Produces GABA, reduces stress and
enhances neuroplasticity

Produces GABA, enhances synaptic
plasticity and reduces stress

Produces serotonin, supports mood
regulation and synaptic plasticity

May support synaptic plasticity and
brain development

Affects gut transit time via hydrogen
metabolism

Linked to systemic inflammation
Associated with GI issues

Produces GABA, supports gut-brain
axis and synaptic plasticity

Produces GABA, may alter neural
signaling

Reduced SCFAs, linked to GI issues

May contribute to neurodegeneration,
negatively affecting neuroplasticity

Breaks down carbohydrates, linked
to diet

Includes pathogens, linked to
inflammation

May influence synaptic plasticity
through dopamine production

Induces memory impairment,
increases pro-inflammatory response,
alters brain histoarchitecture

Produces butyrate, reduces
inflammation

Involved in carbohydrate breakdown
Linked to inattention symptoms

May influence synaptic plasticity
through dopamine production

Linked to symptom severity via
inflammation

Associated with GI inflammation
Unknown
May contribute to gut dysbiosis
Linked to gut dysbiosis

Converts primary bile acids to
secondary bile acids, influencing gut-
brain signaling via bile acid receptors

Increased in ASD, affects volatile organic compounds

Probiotic reducing food intake via ClpB protein
mimicking alpha-MSH, influences gut-brain axis

Mixed results in ASD

Causes infections affecting brain, exacerbates
neurological disorders like Alzheimer’s and epilepsy

Mixed in ASD, higher in MDD, BD, SSD, reduces
OCD-like behaviors

Probiotics modulating gut-brain axis, therapeutic
potential in psychiatric and neurological disorders

Supplementation reduces depressive symptoms;
modulates vagus nerve signaling

Supplementation alleviates depressive symptoms;
modulates vagus nerve signaling

Supplementation reduces anxiety and depressive
symptoms, improves ASD behaviors in animal
models

Enhances serotonin production, reducing anxiety
and depressive symptoms

Probiotic modulating gut-brain axis, reduces
anxiety-like behavior in preclinical studies

Mixed results in ASD

Increased in MDD
Mixed results in ASD

Lower in ASD, induces depressive-like behavior in
Crohn’s disease models

Increased in ADHD, linked to inattention
Mixed results in ASD

Associated with Alzheimer’s through
neuroinflammation

Lower in ASD, associated with GI symptoms

Higher in ASD, associated with dysbiosis

Synthesizes dopamine, part of gut microbiota,
potentially influences gut-brain axis

Opportunistic pathogen, potential indirect effects
through infections

Lower in ASD, supports gut health

Mixed in ASD, higher in PACS
Increased in ADHD

Synthesizes dopamine, part of gut microbiota,
potentially influences gut-brain axis

Higher in MDD, BD, SSD

Higher in ASD

Limited evidence, primarily oral bacteria, potential
indirect effects via inflammation

Higher in ASD

Increased in ASD and addiction

Secondary bile acids modulate neuroinflammation
and mood; altered in PACS



Microbial metabolites

Short-chain fatty acids (SCFAs)

Neuroactive lipids and bile acids
metabolites

Tryptophan and indole
derivatives

Polyunsaturated fatty acids
(PUFAs) metabolites

Branched-chain amino acids
(BCAAs)

Nicotinamide (NMN)

Trimethylamine N-oxide
(TMAO)

Phenolic compounds

Vitamins and cofactors

Neurotransmitter precursors
and neurotransmitters

Other metabolites

Key components

Acetate, propionate, butyrate, isobutyrate, isovalerate,
valerate, formate, caproate

Result from bacterial modification of bile acids. Primary
(cholic acid, chenodeoxycholic acid), secondary
(deoxycholic acid, lithocholic acid, ursodeoxycholic acid,
tauroursodeoxycholic acid)

Indole, Indole-3-acetic acid, Indole-3-propionic acid,
kynurenic acid, indoxyl sulfate, indole-3-carbinol, indole-
3-ethanol, indole-3-pyruvate, indole-3-aldehyde

Leukotriene B4, Prostaglandin E2,
12-hydroxyheptadecatrienoic acid (from arachidonic
acid), docosahexaenoic acid (DHA), eicosapentaenoic
acid (EPA) metabolites

Come from bacterial breakdown of proteins. Leucine,
isoleucine, valine

Nicotinamide, nicotinic acid, NAD+

TMAO

Created when bacteria process plant polyphenols from
foods like berries, tea, and vegetables. Urolithin A, ferulic
acid, equol, enterolactone

Vitamin B12, folate, riboflavin, thiamine, biotin

Tryptophan (serotonin precursor), choline (acetylcholine
precursor), tyrosine (dopamine precursor), GABA,
dopamine, serotonin

Lactate, ethanol, polysaccharide A (PSA), endotoxins
(LPS)

Functions in gut-brain axis
Support energy production, reduce brain inflammation,
enhance memory, strengthen BBB.

Regulate metabolism, reduce neuroinflammation, protect
brain barriers, may improve cognition, though some
contribute to cognitive decline.

Modulate brain inflammation, influence mood and behavior,
some increase anxiety or oxidative stress.

Support brain cell growth, reduce inflammation, aid brain
repair, with omega-3 derivatives showing cognitive benefits.

Reduce brain inflammation, support gut barrier health,
protect against neurodegenerative diseases.

Support brain cell energy, reduce inflammation, improve
motor function in diseases like ALS.

Linked to increased brain inflammation and cognitive
decline, potentially worsening Alzheimer’s or Parkinsons.

Provide antioxidant and anti-inflammatory effects, reducing
neuroinflammation and protecting brain cells.

Support energy metabolism and neurotransmitter
production, essential for brain health.

Influence mood, behavior, and cognitive function by
supporting neurotransmitter production.

Lactate boosts brain energy, PSA modulates immunity, LPS

molecules that cross the BBB and directly influence neural
function (see ).° Butyrate demonstrates particularly
robust neuroprotective and plasticity-enhancing effects.
It increases brain-derived neurotrophic factor (BDNF)
expression, promotes dendritic spine formation, enhances
long-term potentiation, and supports adult neurogenesis in
the hippocampus. BDNF exerts particular importance for
depression, anxiety, and cognitive disorders where reduced
neurotrophic signaling contributes to synaptic dysfunction
and neural atrophy which have direct relevance for mood
regulation, learning, memory, and stress resilience.
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Figure 3. Synthesis of microbial metabolites in the intestine

may increase brain inflammation.

Propionate  influences  microglial = phenotype  that
support synaptic plasticity and neuronal survival.” This
immunomodulatory effect helps explain how gut dysbiosis
can lead to neuroinflammation and psychiatric symptoms
through altered microglial function. The SCFAs promote
oligodendrocyte differentiation and myelin synthesis, while
inflammatory conditions can impair myelination and lead to
white matter abnormalities. Oligodendrocyte development
and myelination processes critical for neural circuit function
and cognitive performance.

Gut bacteria influence the synthesis and metabolism of
neuroactive lipids and bile acids that affect brain function
through multiple mechanisms (see ).°" Secondary bile
acids produced by bacterial 7a-dehydroxylation cross the BBB
and bind to nuclear receptors that regulate gene expression
in neural tissues.””“* Specific bacterial strains capable of bile
acid metabolism show associations with depression risk and
treatment response.

Microbial tryptophan metabolites, including indole-3-
propionic acid and indole-3-aldehyde, influence synaptic
function through aryl hydrocarbon receptor activation and
anti-inflammatory effects.”” These metabolites promote
microglial anti-inflammatory phenotypes and support
synaptic maintenance and plasticity (see ).

Microbially-produced neurotransmitters influence synaptic
plasticity through both direct and indirect mechanisms.



While these neurotransmitters may not directly cross the
BBB, they influence vagal signaling and PNS function,
indirectly modulating CNS plasticity.” Gut microbes
function as a decentralized neurochemical factory, producing
and metabolizing key neurotransmitters that shape mood,
cognition, and behavior. Gut bacteria, spore-forming
members of the Clostridia spices stimulate enterochromaffin
cells to ramp up tryptophan hydroxylase-1 and boost
serotonin synthesis,”” while Enterococcus, Streptococcus and
Lactobacillus species further support serotonin production
by providing critical enzymes and substrate availability.
Given that roughly 90% of our serotonin originates in the
gut, these microbial processes can meaningfully sway central
serotonergic tone and thus impact mood regulation.

Parallel to serotonin, the GABAergic pathway is under
microbial control. Genera such as Lactobacillus,
Bifidobacterium and Bacteroides synthesize GABA, the
brain’s chief inhibitory neurotransmitter.”” Clinical data
show that supplementing GABA-producing probiotics lowers
anxiety scores and moderates stress responses, highlighting
a direct gut-brain route for calming hyperarousal and
rebalancing HPA axis activity.”’ Certain Bacillus and Serratia
species produce dopamine and its precursor L-DOPA,
offer a microbial contribution to reward, motivation, and
vulnerability to addiction.

Together, these diverse microbial neurotransmitter pathways
underscore the microbiome’s central role in neuropsychiatric
health and highlight targeted microbial therapies as
promising adjuncts for mood, anxiety, and cognitive
disorders.

As claimed by Agnihotri & Mohajeri,* the gut microbiome
significantly influences the production and signaling of
neurotrophic factors that regulate neurogenesis, dendritic
morphology, neuroplasticity, neuronal survival, neuronal
circuitry and synaptic function. Brain derived neurotrophic
factor (BDNF), the most abundant neurotrophic factor in
the brain, is modulated by multiple microbial metabolites
and inflammatory mediators. Lactobacillus helveticus and
Bifidobacterium longum have been shown in animal studies to
enhance BDNF expression in the hippocampus and cortical
regions, likely through their anti-inflammatory actions and
their role in supporting gut barrier integrity. While SCFAs
may contribute indirectly to these neuroprotective effects,
the primary mechanisms appear to involve modulation
of immune signaling and reduction of pro-inflammatory
cytokines.

According to Anbalagan,” the gut microbiota exerts a vital
influence on glial cells (including microglia, astrocytes,
and oligodendrocytes). These glial cells are essential for
neuronal integrity, synaptic plasticity, and the maintenance
of healthy neural circuits. Gut dysbiosis can impair these
glial functions, leading to structural and functional neuronal
abnormalities (see ). For example, altered microglial
activity may result in excessive synaptic pruning, changes

in dendritic spine architecture, and disrupted circuit
formation. Dysbiosis also appears to affect oligodendrocyte-
driven myelination, slowing neuronal signal transmission,
and can compromise astrocyte regulation of BBB integrity,
particularly under conditions of heightened inflammation.
Gut-derived lipopolysaccharides further drives microglia
toward pro-inflammatory states, enhancing cytokine
production, reducing synaptic support, and accelerating
synaptic elimination. This contributes to depressive
behaviors, cognitive deficits, and diminished neuroplasticity
through pathways involving reduced BDNF and heightened
inflammatory signaling.
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Figure 4. Glial cells and functions

In contrast, beneficial microbial metabolites such as SCFAs
and tryptophan-derived compounds encourage microglia
to adopt anti-inflammatory, neuroprotective states that
help preserve synaptic plasticity and neuronal integrity.
These discoveries emphasize how the gut microbiome helps
regulate the brain’s immune environment, with significant
consequences for mental health and resilience against
neuropsychiatric disorders.

Psychiatric disorders affect over 970 million people globally,
with substantial personal, social, and economic costs that
continue to rise despite advances in treatment. In the
study conducted by Mitrea and her team,” their findings
show that MDD, anxiety disorders, SSD, BD, and ASD
are all distinct from each other, yet their overlapping
patterns of gut microbiome alterations contribute to their
pathophysiology through the gut-brain axis. In MDD,
studies consistently report reduced microbial diversity,
lower levels of beneficial bacteria such as Faecalibacterium,
Coprococcus, and Dialister, and an increase in pathogenic
species like Eggerthella. These changes result in decreased
production of SCFAs (e.g., butyrate), compromising BBB
integrity and lowering BDNF levels.”* The changes also result
in an increase in lipopolysaccharide-producing bacteria
fuel neuroinflammation and disrupt serotonin synthesis via
activation of the kynurenine pathway. Anxiety disorders
are linked to reductions in GABA-producing bacteria like



Lactobacillus and Bifidobacterium, alongside increases
in pro-inflammatory species such as Escherichia. These
imbalances contribute to heightened stress responses, altered
neurotransmitter regulation and HPA axis dysregulation.
Probiotic interventions targeting these microbial deficits have
shown promise in reducing anxiety symptoms and enhancing
stress resilience.

In schizophrenia and psychotic disorders, patients typically
exhibit reduced microbial diversity, disrupted tryptophan
metabolism, and increased intestinal permeability. These gut
changes contribute to dopaminergic dysfunction, immune
activation, and metabolic disturbances that correlate with the
severity of psychiatric symptoms. Antipsychotic medications
further disrupt gut microbiota composition, sometimes
exacerbating metabolic side effects such as weight gain.

BD displays dynamic microbiome patterns that shift between
manic and depressive states, with unique alterations in
bacterial species involved in circadian rhythm regulation
and inflammation.” Meanwhile, ASD is characterized by
some of the most pronounced gut-brain axis disruptions,
with marked reductions in beneficial bacteria, increased
pathogenic species, and a high prevalence of gastrointestinal
symptoms. Across these conditions, gut microbiome
dysregulation emerges as a key factor in neuroinflammation,
neurotransmitter imbalance, and metabolic dysfunction,
pointing to the potential of microbiome-targeted therapies as
promising adjunctive strategies.

Chronic hyperactivation of the HPA axis, commonly
seen in psychiatric disorders, leads to sustained cortisol
elevation, hippocampal atrophy, reduced BDNF levels,
and impaired stress adaptation.”” Evidence suggests that
inflammatory signals from gut dysbiosis, particularly
elevated lipopolysaccharide and pro-inflammatory cytokines,
are key contributors to this cascade, sustaining HPA
dysfunction and neurodegeneration (see ).”” When
this microbial imbalance increases intestinal permeability
(“leaky gut”), bacterial lipopolysaccharides can leak into the
bloodstream, triggering a persistent inflammatory response.
Pro-inflammatory cytokines like interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-a) are then able to cross
the BBB, impairing neuroplasticity and neuronal health and
thereby contributing to depressive symptoms.”*”* They also
disrupt neural networks involved in emotion regulation,
memory, and cognition. For instance, elevated peripheral
cytokines in depression and stress-related disorders have been
linked to dysfunction in corticolimbic circuits, including the
prefrontal cortex and hippocampus, leading to emotional and
cognitive deficits.

Anxiety disorders similarly show excessive HPA activity,
where microbiome-induced inflammation and loss of
beneficial bacteria amplify stress responses and cortisol
secretion.”” In MDD, SSD, and BD, leaky gut facilitates
microbial translocation, resulting in systemic inflammation
that further perpetuates HPA-axis hyperactivity and
heightens vulnerability to stress and symptom severity. In
ASD, early-life HPA hyperreactivity is frequently seen, with
gut-derived inflammatory triggers contributing to heightened
stress sensitivity and poor glucocorticoid feedback control. In
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all these conditions, gut dysbiosis amplifies HPA dysfunction
through immune activation, loss of SCFA-mediated
regulation, and disrupted neuroendocrine feedback loops.

By integrating these insights, we gain a more comprehensive
understanding of MDD’s underlying biology and open the
door to multifaceted treatment strategies. Techniques to
recalibrate HPA axis function such as stress-management
practices and cognitive behavioral therapy (CBT), promises
a more holistic approach to both preventing and managing
depression.”” Ultimately, a collaborative, body-mind treatment
paradigm may offer the greatest promise for alleviating this
challenging condition.

Circadian rhythm (see )* disruption and misalignment
manifests as disturbed sleep-wake cycles, altered melatonin
production, and flattened cortisol rhythms across MDD,
BD, SSD and anxiety disorder, is a pervasive feature deeply
intertwined with mood, cognition, and behavior. Insomnia
is a common and clinically important feature across
several psychiatric disorders, often both a symptom and a
contributing factor to illness severity.** Circadian disruption
decouples the synchronized daily rhythms of the gut
microbiome, promoting dysbiosis and barrier dysfunction.
These changes trigger inflammation and metabolic imbalance
and potentially worsen neuropsychiatric symptoms. Dysbiotic
gut microbiota, which normally show diurnal oscillations
and influence peripheral clock gene expression, lose this
synchrony in these conditions, further desynchronizing the
central and peripheral clocks.

The co-occurrence of psychiatric disorders and substance use
disorders (SUDs) remains a major challenge in mental health
care, with around half of individuals diagnosed with one also
experiencing the other. This overlap is especially pronounced
in serious mental illnesses such as SSD, BD, ADHD and
MDD.* Individuals may turn to substances to alleviate
symptoms of a psychiatric disorder, while substance use can
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itself trigger or exacerbate mental health conditions. These
combined comorbid conditions lead to more complicated
diagnoses, lower rates of recovery, higher relapse risk, and
greater strain on treatment systems.

According to Martinez and his team,” smoking, heavy
alcohol use, and other substance abuse frequently induce
gut dysbiosis through direct chemical effects on microbiota,
epithelial damage, and immune activation. These changes
can be persistent, although lifestyle modifications like
smoking cessation or non-pharmacological therapies (e.g.,
behavioural therapy and probiotics) have shown promise in
partially reversing dysbiosis and related health impacts.

Psychiatric medications (or pharmacotherapy), while
essential in many treatment plans, can inadvertently disrupt
gut health. For instance, second-generation antipsychotics
(SGAs; e.g., risperidone and aripiprazole) are associated with
reduced microbial diversity and shifts in key bacterial phyla,
typically decreasing Firmicutes and Actinobacteria, while
increasing Proteobacteria.”””’ These microbial changes lead
to diminished short-chain fatty acid (SCFA) production,
compromising gut barrier function and contributing to
metabolic side effects like weight gain, hyperlipidemia,
and insulin resistance. Similarly, SSRIs like fluoxetine and
citalopram have been shown to deplete beneficial genera such
as Lactobacillus, Bifidobacterium, and Ruminococcus, while
promoting proliferation of Enterobacteriaceae.”” Given these
challenges, non-pharmacological interventions targeting
gut-brain mechanisms have gained prominence.

Fecal microbiota transplantation (FMT) involves the transfer
of fecal material from a screened healthy donor to a recipient
with dysbiosis. The transfer can be accomplished through
several routes, including colonoscopy (allowing direct
delivery to the colon), upper gastrointestinal endoscopy
(delivering to the duodenum or jejunum), nasogastric or

nasoduodenal tubes, oral capsules containing lyophilized
or frozen fecal material, or enema administration. Recent
advances have made oral encapsulated FMT increasingly
popular due to its non-invasive nature and comparable
efficacy to colonoscopic delivery for certain indications, with
frozen or freeze-dried preparations showing similar success
rates. The choice of delivery method depends on factors
including the target intestinal location, patient tolerance,
clinical indication, and institutional protocols, with upper GI
delivery potentially offering advantages for small intestinal
colonization while lower GI routes may better establish
colonic microbiota.

Originally developed for refractory Clostridioides difficile
infections, FMT is now being explored for its neuropsychiatric
implications, especially in disorders involving gut-brain
axis disruptions.”” Preliminary evidence suggests FMT
may improve gastrointestinal and behavioral symptoms,
although the precise microbial profiles required for optimal
psychiatric benefit remain unclear. Longitudinal, placebo-
controlled trials are needed to refine donor selection criteria,
administration protocols, and define target microbiome
signatures linked to mental health outcomes.

Dietary modification is one of the most accessible and
modifiable interventions for gut-brain health. High-fibre
diets help to enhance SCFA production, strengthen gut
barrier integrity, and reduce systemic inflammation.”*”* The
Mediterranean diet, which is rich in vegetables, whole grains,
polyphenols, and omega-3 fatty acids, has demonstrated
efficacy in reducing depressive and anxiety symptoms.” For
individuals with gastrointestinal sensitivities, elimination
diets or low-FODMAP protocols can help identify triggers
that exacerbate both GI and psychiatric symptoms.

The emerging field of psychobiotics focuses on specific
probiotic strains with mental health benefits. For example,
Lactobacillus helveticus and Bifidobacterium longum have
shown anxiolytic and antidepressant effects in clinical
studies.”” Personalized psychobiotic therapy, guided by
microbiome profiles and host genetic markers, provides a
promising future intervention approach.

Prebiotics (e.g., inulin or galacto-oligosaccharides) nourish
beneficial bacteria and suppress pathogenic strains.
Supplementation with prebiotics has shown particular benefit
in stress-related disorders and mild-to-moderate anxiety.
Synbiotic interventions, which combine probiotics and
prebiotics, provide a dual mechanism, delivering beneficial
microbes while enhancing their survival and colonization.
Together, these microbiome-targeted strategies may offer
additive or synergistic benefits in complex psychiatric
presentations.

EdTx, long endorsed by the WHO,'"’ plays a foundational
role in empowering patients to understand the biological
and lifestyle factors influencing their mental health. In this
context, EdTx includes structured psychoeducation around
the gut-brain axis, helping individuals comprehend how



dietary choices, stress, inflammation, and microbial balance
interact to influence mood, cognition, and systemic health.

Core components of EdTx also address chronobiology and
stress physiology. Techniques such as mindfulness-based
stress reduction (MBSR), which incorporates breathwork,
body scanning, and mindful movement, have been shown
to reduce salivary cortisol levels and improve emotional
regulation.'”” Similarly, cognitive appraisal training helps
individuals reframe maladaptive stress responses, lowering
cortisol reactivity during acute stress exposures.

Chrono-education, another pillar of EdTx, teaches patients
about the biological importance of maintaining regular
sleep-wake cycles, consistent meal timing, and exposure
to natural light."”" These strategies promote dim-light
melatonin onset, stabilize hormonal rhythms, and support
sleep hygiene.'”” When paired with diet literacy, such as
understanding the benefits of high-fibre and fermented
foods, EdTx equips patients with the tools to make informed,
sustainable changes.

Behavioral therapy (BeTx) and mental wellness techniques
(MWTech) complement EdTx by translating knowledge into
action. Interventions, e.g., CBT,"”° behavioral activation (a
form of short-term out-patient therapy),”” and acceptance
and commitment therapy (ACT),'” target maladaptive
behaviors like emotional eating, irregular meal patterns,
and sleep dysregulation. Notably, a study in patients with
irritable bowel syndrome (IBS) showed that CBT not only
improved GI and mood symptoms but also led to shifts in
gut microbiota and brain connectivity, highlighting the bi-
directional influence of psychological therapy on gut-brain

physiology.

Further, mindfulness-based techniques, yoga, and group-
based interventions foster vagal tone and reduce stress-
induced microbial disruptions. For example, CBT
for insomnia (CBT-I) has been shown in meta-analyses to
improve sleep latency and efficiency, while normalizing
nocturnal cortisol rhythms."' MBSR protocols have also
demonstrated reductions in inflammatory markers such as
IL-6 in both clinical and non-clinical populations.

Lifestyle coaching supports the sustained adoption of
behavior changes by integrating personalized strategies
that align with circadian and microbiome rhythms. Time-
restricted feeding (limiting daily food intake to an 8-10 hour
window) can restore microbial diurnal oscillations, enhance
metabolic health, and regulate clock gene expression.
Similarly, morning bright-light therapy helps entrain
circadian rhythms by activating the suprachiasmatic nucleus,
improving sleep-wake cycles, and reducing depressive
symptoms.

Physical activity, especially in the morning, not only promotes
sleep consolidation but also enhances microbiome diversity
and circadian stability. Coaching patients on practical steps
such as fixed bedtimes, reducing caffeine/alcohol intake
before sleep, limiting daytime naps, and optimizing sleep

environments (cool, dark, and quiet) can support long-term
autonomic balance and gut-brain harmony.

Taken together, these non-pharmacological interventions
form a robust, integrative model comprising four
interdependent domains: (i) EdTx, which builds the
foundational understanding and motivation around gut-
brain health; (ii) behavior therapy (BeTx), which installs
actionable, sustainable lifestyle changes; iii) mental Wellness
techniques (MW Tech), which supports emotional regulation,
stress resilience, and autonomic balance; and (iv) microbiome
science (MbSc), which anchors all interventions in evidence-
based biological mechanisms. The authors of this paper have
termed it biopsychosocial-educational (BPSE) model (see

).
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Figure 7. The biopsychosocial-educational (BPSE) model

This BPSE framework is particularly suited for populations
with IBS and anxiety, mood disorders with metabolic features,
or neurodevelopmental conditions, e.g., in the context of
ASD, where the gut-brain axis plays a pronounced role."* The
outcomes from such integrated care models can be measured
across multiple domains, e.g., (i) psychiatric symptoms: can
improve scores on PHQ-9'"* and/or GAD-7,""° for example;
(i) GI symptoms: can be tracked via IBS-SSS and stool
form scales;'”” (iii) Behavioral and cognitive functioning:
can enhance executive function and consistency in self-
care;'*and (iv) microbiome health: can increase in beneficial
taxa (e.g., Lactobacillus, Bifidobacterium, Faecalibacterium
prausnitzii), and corresponding reductions in inflammation.
By bridging cognitive, emotional, behavioral, and biological
domains, this BPSE model empowers patients to actively
participate in their own healing process and fosters
sustainable, whole-person wellness.

The gut microbiome represents a paradigm shift in
understanding psychiatric disorders, revealing complex
bidirectional relationships between microbial communities
and brain functions. The evidence consistently demonstrates
that gut dysbiosis is associated with various mental health



conditions, with mechanistic pathways involving neural
signalling, metabolite production, immune modulation
associated with stress response system, circadian rhythm,
nutritional options, lifestyle habits and substance addiction.

The association between intestinal bacterial diversity and
psychiatric or neurological diseases represents a complex
bidirectional relationship rather than a unidirectional
causal pathway. Emerging evidence demonstrates that
gut dysbiosis may function as a contributory etiological
factor through several mechanisms: microbial synthesis of
neurotransmitters and neuroactive metabolites that modulate
CNS function, bacterial metabolite-mediated regulation of
systemic inflammation and BBB integrity, and vagal nerve
transmission of gut-derived signals that influence mood,
cognition, and behavior.

Conversely, psychiatric and neurological conditions
reciprocally alter gut microbiome composition through
multiple pathways. Chronic psychological stress induces
HPA axis hyperactivation and sustained cortisol elevation,
directly disrupting microbial ecosystems. Mental illness-
associated behavioral changes, including altered dietary
patterns, reduced physical activity, and sleep disruption
that substantially reshape the microbiome. Additionally,
psychotropic medications exert antimicrobial effects that
modify bacterial communities, while autonomic dysfunction
in neurological disorders affects gastrointestinal motility
and secretion, creating selective pressures on microbial
populations. This creates a self-reinforcing cycle wherein
initial dysbiosis increases neuropsychiatric vulnerability,
while the disease state subsequently exacerbates microbial
imbalance through behavioral, neuroendocrine, and
pharmacological mechanisms.

The therapeutic implications of gut-brain axis research
extend far beyond traditional pharmacological approaches
to include personalized interventions targeting microbiome
optimization. The integration of microbiome science with
non-pharmacological intervention such as EdTx, CBT,
MBSR, FMT, dietary options and psychobiotic intervention
may offers unprecedented new opportunities for precision
medicine approaches that consider individual biological
profiles when selecting treatments.

These clinical implementations must also address regulatory
considerations, healthcare provider education, and
economic factors that will influence widespread adoption of
microbiome-based therapeutics. This implementation will
likely include routine assessment of gut microbiome status
alongside traditional clinical evaluations, with treatment
plans incorporating both conventional therapies and
microbiome-targeted interventions. This integrated approach
holds promise for improving treatment outcomes while
reducing side effects and healthcare costs. The gut-brain axis
represents one of the most exciting frontiers in mental health
research, offering hope for more effective, personalized
treatments that address the underlying biological mechanisms
of psychiatric disorders and addiction. Continued investment
in this research area will be essential for translating scientific
discoveries into clinical benefits for patients worldwide.
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